A novel isolated ac/dc converter topology incorporates a voltage source converter (VSC) with capacitive snubbers and a cycloconverter, connected by a medium frequency transformer. The concept offers the possibility of bilateral power flow as well as three-level pulse width modulation on the ac side. It is shown that by alternately commutating the VSC and the cycloconverter it is possible to achieve either zerovoltage or zero-current switching conditions for all of the semiconductor elements. At low load the ac load current becomes insufficient for recharging the snubber capacitors of the VSC and the commutations may therefore become too slow. However, a quasi-resonant commutation mode for the voltage source converter is proposed that allows for sufficiently fast commutations down to zero load.
INTRODUCTION
In present ac-fed propulsion systems the lineside power conversion is generally made by a step-down transformer followed by a four-quadrant rectifier. By this arrangement the single phase ac high voltage from the catenary is converted into a dc voltage which is fed to the propulsion inverters and inverters for auxiliary power. The transformer tends to be a heavy and bulky component, which is highly undesirable in propulsion applications. Furthermore, the transformer losses generally make up a relatively large share of the overall system losses. To avoid these disadvantages several solutions (1)-(4) have been proposed which instead utilise transformers operating at frequencies well above the line frequency. References (1) and (2) describe solutions where the conventional system described above is altered in the sense that a cycloconverter is connected between the transformer and the feeding, see Figure 1 . In this case the four-quadrant converter applies a medium frequency voltage to the secondary winding of the transformer. This voltage is converted to a suitable PWM voltage by the cycloconverter which in turn is applied to a passive line filter and thereby the power flow of the system can be controlled. These solutions however generally suffer from the drawback that the switching losses of the semiconductor elements prevent the use of commutation frequencies above 500-1000 Hz whereby the benefits of using a medium frequency transformer are partly lost. A solution that allows for soft switching of all of the semiconductors is therefore desirable and it is the objective of this article to present such a solution.
PRINCIPLE OF OPERATION
The topology of the proposed converter system is illustrated in Figure 2 . A voltage source converter with two phase legs is connected to one of the windings of a single phase transformer. This converter is equipped with snubber capacitors connected in parallel to each of the semiconductor valves. The capacitors should be sufficiently large to allow for zero-voltage turn-off of the switches of the converter. The other winding of the transformer is connected to a single-phase cycloconverter, which in turn is connected to an inductive line filter. The valves of the cycloconverter do not need any turn-off capability, they may well be realised by thyristors connected in anti-parallel. However, for practical reasons it may be more beneficial to use a configuration with diodes and IGBT transistors as indicated in the figure.
Commutation sequence
In order to analyse the operation of the converter system a few important remarks will be made regarding the commutation of the two converters. Throughout the analysis the ac side current, i ac , and the dc link voltage, U d , are assumed to remain essentially constant during a commutation. Firstly, starting from a state where the current is flowing through the switches of the voltage source converter, i. e. where power is flowing from the dc side to the ac side, it is possible to commutate the voltage source converter by turning off the switches that carry current. This leads to recharging of the snubber capacitors and a reversal of the voltage across the transformer. Finally, the system is left in a state where the power flow is directed from the ac side to the dc side. Thereby it is possible to commutate the cycloconverter by source commutation, where the VSC acts as source, and thus reverse the direction of the current through the transformer. This principally returns the system to the initial state and the procedure can be repeated.
Following is a more detailed description of how the commutation cycle can be carried out (see also Figure  3 ). In the first phase, 1., the power flows from the dc side to the ac side and thus the ac side output voltage, u ac , is of the same sign as the ac side current, i ac , with the reference directions given in Figure 2 . In the next step, 2., the switches in the voltage source converter that carry current are turned off, thus diverting the current to the snubber capacitors. This turn-off is made with considerably reduced voltage derivatives compared to the hard-switching case resulting in reduced turn-off losses. As the snubber capacitors are recharged the polarity of the voltage across the transformer, u tr , is reversed and finally the diodes in the valves that initially blocked the dc link voltage take over the current, 3. The switches anti-parallel to these diodes are turned on at zero-voltage and zero-current conditions, 4. At this stage the power flow is instead directed from the ac side to the dc side and both u tr and u ac has changed sign. Subsequently, 5., the commutation of one of the phase legs in the cycloconverter is commenced by turning on the one of the switches in the phase leg that blocks the voltage provided by the voltage source converter. This short-circuits the primary terminal of the transformer whereby the voltage u tr appears across the leakage inductance. The current through the transformer is linearly forced down to zero and finally the diode in the commutating phase leg that initially carried the current turns off. This leaves the system in a state, 6., where the cycloconverter short-circuits the line filter, i. e. the ac output voltage, u ac , is zero. Eventually, 7., the other phase leg of the cycloconverter is commutated in the same way as the first one. This effectively returns the system to the initial state, 8., i. e. power flows from the dc side to the ac side. The switch of the cycloconverter phase leg that carried the current before the commutation is turned off at zero-current conditions, 9. Thereby the cycle can be repeated.
By always starting the cycloconverter commutation with the same phase leg an even current loading of the valves of this converter can be ensured. That way the current will alternately flow through the upper and lower cycloconverter valves in consecutive commutation cycles. It should be noted that the duration of the cycloconverter commutation is influenced by the leakage inductance of the transformer which therefore should be kept as low as possible, preferably below 0.1 p. u.
Modulation
By properly adapting the duration of the time intervals during which the system resides in the various states of the commutation cycle it is possible to achieve objectives that are relevant for the operation of the system. Firstly, proper operation of the transformer should be ensured by having the commutations of the VSC occur at equidistant points of time so that the voltage applied to the transformer, u tr , is essentially a square wave voltage. Secondly, by properly choosing the relative durations of the time intervals during which the power flow is directed i.) from the ac side to the dc side, ii.) from the dc side to the ac side and iii.) when it is zero, a desired PWM voltage pattern of u ac can be achieved. For the case where the voltage pulses of u ac should be of the same sign as the present ac side current, i ac , this implies that the commutation of the first cycloconverter phase leg should follow directly upon the commutation of the VSC see Figure 4a . This means that the interval in the commutation cycle with power flow from the ac side to the dc side is entirely omitted. The numbers used in this figure to denote the various states are the same as in Figure 3 for simplicity. The opposite case, i. e. where the sign of the desired ac side voltage pulses is opposite of the sign of the ac side current, is illustrated in Figure 4b . Here instead the part of the generic commutation cycle where power flows from the dc side to the ac side is omitted and thus the commutation of the VSC follows directly after the commutation of the last cycloconverter phase leg.
Note that with the proposed modulation method the output ac voltage can be a three-level PWM pattern with only a minor deviation, which occurs during the commutation of the VSC. In the diagrams the relative durations of the commutations have been exaggerated for clarity. In practice they occupy only a minor part of the commutation cycle.
VSC resonant commutation
At low currents the commutation of the VSC may become unduly lengthy as the recharging of the snubber capacitors becomes slower. In the extreme case of i ac = 0 it is not possible at all to commutate the VSC in the fashion described above. However, a quasi-resonant mode of commutation is proposed that solves this problem. By short-circuiting the primary winding of the transformer using the cycloconverter during the commutation of the VSC it is possible to initiate a resonance process, governed by the snubber capacitors and the leakage inductance of the transformer. This resonance process can be utilised for recharging the snubber capacitors. In Figure 5 the steps of such a resonant commutation are shown. The corresponding voltage and current waveforms are displayed in Figure  6 . Initially, 1., the power flow is directed from the dc side to the ac side just as in the case of the conventional commutation. The process is started, 2., by turning on valves in the cycloconverter so as to provide a path in the direction of the voltage applied by the VSC. This causes the transformer current to start increasing linearly as the transformer voltage appears across the transformer leakage inductance. This is allowed to continue until the current has increased by a certain predefined amount, hereafter named enhancement current, i enh . Thereafter the two switches in the VSC that carry current are turned off whereby the resonance process takes place, 3. The duration can be shown to be, neglecting losses, 
where L λ is the leakage inductance in secondary side quantities and N is the turns ratio of the transformer. From the expression it is obvious that both the ac side current as well as the enhancement current act to shorten the resonant interval as they contribute to the recharging of the capacitors. When the transformer voltage has been fully reversed the diodes in the VSC valves that initially blocked take over the current. Subsequently, 4., the current through the transformer is forced down linearly to the value that corresponds to the ac side current. At this level the cycloconverter valves that were turned on initially turn off, 5., as the current through them goes to zero. Finally the switches in these valves are gated off at zero-current conditions, 6.
The enhancement current allows for a complete commutation despite losses and variations in i ac during the resonant process. Note that the resonant commutation does not impede the current from the ac side through the cycloconverter.
SIMULATION STUDY
In order to validate the concept a simulation model of a prototype converter has been created in the simulation software package Simplorer. The parameters of the simulated system can be found in TABLE 1. The parameters have been chosen such that it will be possible to build the prototype using IGBT modules with a blocking voltage of 1200 V. The control logic needed to achieve the desired commutation sequence was implemented using a number of coupled state machines. In the simulations the converter is connected to a 400 V 50 Hz single-phase AC voltage source and it is controlled to operate at rated power in such a fashion that either cosφ  = 1 or cosφ = -1 at the connection point. This implies that the PWM voltage, u ac , is slightly out of phase with the ac side current, i ac , in order to compensate for reactive power in the filter inductor. resonant commutation has to be used for the VSC. The transformer current increases momentarily during the resonant commutations. Note that the intervals where u ac is of opposite polarity compared to the desired PWM pulse polarity are avoided in this case. This is because the cycloconverter short-circuits the ac side filter inductor during the entire commutations.
In Figure 9 the ac side current, i ac , as well as the external source voltage, u l , are displayed for slightly more than a fundamental cycle. The system is here controlled to operate with power flowing from the dc side to the ac side i. e. at cosφ = 1. The frequency spectrum of i ac for the same conditions is shown in Figure 10 . As can be seen the harmonic content is low with the main harmonics grouped around even multiples of the transformer operating frequency. No harmonic exceeds one percent of the fundamental. THD in this case was calculated to be 1.56 %. For the case of cosφ = -1 the corresponding THD value is 1.68 %. In conclusion, it appears that the above mentioned deviations in the PWM pattern do not affect the harmonic content in any fundamental ways.
APPLICATION TO AC-FED PROPULSION SYSTEM
A few comments will be made regarding the prospects for applying the described system as line-side converter in ac-fed railway vehicles. The cycloconverter will operate at the feeding voltage and series connection of semiconductor elements will have to be used for the valves, see Figure 11 . It should be noted that this converter solely operates by natural commutation whereby the voltage sharing needed among the semiconductor valves is likely to be relatively easy to accomplish. Methods for series connection of semiconductor elements in thyristor-based natural commutated converters are well established since decades (5) . Similar methods can be used in case the cycloconverter valves are implemented using diodes and IGBT transistors. However, the reverse recovery of the diodes could potentially become a problem, both in terms of losses and as a cause of uneven voltage distribution among the valves during turn off. A very interesting future possibility is here to utilise diodes based on silicon carbide whose reverse recovery properties are nearly ideal (6) . Schottky SiC-based diodes are already commercially available for low power applications (7) and diodes with higher voltage and current ratings can be foreseen shortly. With SiCbased diodes possibly simple RC snubbers may be sufficient for achieving dynamic voltage sharing among the series-connected sub-valves. As for the MF transformer special attention will have to be paid to the choice of core material if the benefits of using medium frequency operation are to be fully utilised. Amorphous steel is likely to offer the best trade-off between losses and peak magnetic flux capability.
CONCLUSIONS
A new converter concept that allows for dc/ac conversion, bidirectional power flow and galvanic isolation is presented. It is shown that either zerovoltage or zero-current switching is possible for all semiconductor elements at all load currents without the need for any auxiliary semiconductor elements. Simulations verify the feasibility of the concept and indicate that operation with very low line interference is possible.
Future activities will focus on investigating new methods for commutation of the converter and on the build-up of a prototype converter system.
